La dinámica del borde-matriz en bosques mesófilos de montaña fragmentados y su papel en la conservación de los anfibios Abstract . Edge effects play a key role in forest dynamics in which the context of the anthropogenic matrix has a great influence on fragment connectivity and function. The study of the interaction between edge and matrix effects in nature is essential to understand and promote the colonization of some functional groups in managed ecosystems. We studied the dynamics of 7 species of frogs and salamanders occurring in 8 ecotones of tropical montane cloud forest (TMCF) which interact with adjacent managed areas of coffee and corn plantations in Guerrero, southern Mexico. A survey effort of 196 man/hours along 72 transects detected 58 individuals of 7 amphibian species and 12 environmental and structural variables were measured. The diversity and abundance of amphibians in the forest mostly depended on the matrix context adjacent to the forest patches. The forest interior provided higher relative humidity, leaf litter cover, and canopy cover that determined the presence of some amphibian species. The use of shaded coffee plantations was preferred by the amphibians over the corn plots possibly due to the maintenance of native forest arboreal elements, low management rate and less intensity of disturbance in the coffee plantations than in the corn plots. Shaded coffee plantations reduce the edge effects in TMCF, improve the connectivity between TMCF fragments and increase habitat quality for the forest interior amphibian species. Future wildlife management research should take into account edge and matrix effects to understand species dynamics which move along anthropogenic-natural ecotones in managed ecosystems, thus prioritizing sites to buffer edge effects and increase habitat quality in remaining natural ecosystems.
Introduction
An irrefutable fact resulting from human development is the negative impact on natural environments. In this last decade, species has been fronting the collateral effects of the global biodiversity crisis due to the combination of several factors acting in synergy and causing enigmatic declines, perhaps more dramatic in amphibians than in any other vertebrate group worldwide (Stuart et al., 2004; IUCN, 2009) . Changes in land use that directly cause habitat fragmentation and loss have been identified as the most critical factor affecting amphibian survival, although this has been poorly documented in the Neotropics (Cushman, 2006; Gardner et al., 2007; Urbina-Cardona, 2008) .
Habitat fragmentation and the anthropogenic matrix surrounding forest fragments are one of the greatest barriers to amphibian dispersion by causing habitat loss and habitat split (Becker et al., 2007) . In semi natural landscapes, forest fragments experience environmental shifts and the interspecific interactions generate an edge effect in the interface between the forest and the surrounding matrix with amphibians responding in a "cascade way" (Harper et al., 2005; Urbina-Cardona et al., 2006) . The challenge for new conservationists is to learn how to deal with these new countryside landscapes composed mainly of patches of original vegetation commonly adjacent to human impacted or managed areas and settlements (Daily, 2001; Brown et al., 2008) . The tropical montane cloud forest (TMCF) is at present one of the most threatened ecosystems worldwide. In Mexico TMCF exists as an archipelago formed by small fragments that tolerate a great rate of overexploitation (Challenger, 1998; Luna Vega et al., 1999) and have been declared as a priority for conservation by the Mexican Government due to their great diversity (Rzedowski, 1996; Challenger, 1998; Arriaga et al., 2000) . In the case of amphibians, a distinctive group of the TMCF in Mexico, almost 50% of the known species which inhabit this ecosystem are endemic or micro endemic (Ochoa-Ochoa and Flores Villela, 2006) .
The state of Guerrero, México accounts for an important diversity of amphibians reaching 70 species, 48% of these are endemic to the state (Pérez-Ramos et al., 2000) . A great number of these species are currently classified as endangered or data deficient by the IUCN (2009). We studied an amphibian community inhabiting the Sierra Madre de Sur de Guerrero (SMSG) in order to assess the role of the matrix context for the amphibian dynamics based on the premise that the surrounding area of a forest patch may have a differential impact on the amphibian communities.
Materials and methods
Study area. El Molote is a communal or cooperative land spanning of about 8 411 ha located in the Municipality of Atoyac de Alvarez, state of Guerrero, Mexico (Fig. 1) . The area is part of the SMSG system situated on the southern slope of the mountain range and southward to the highest peak of the area, the Teotepec (3 500 m asl; 17°24'50' '-17°27'30''N and 100°09'40''-100°12'20''W) . The community of El Molote is a small settlement with no more than 450 residents. The area was originally covered with TMCF, pine and pine-oak forests. Settlement of the area dates from the end of the 60's decade and since then extensive areas of TMCF have been intensively deforested and converted into cultivation land where the remnants of the original forest are now immersed in a matrix of managed areas (Lozada et al., 2003) . The main productive activities of the community are the cultivation of coffee and corn in conjunction with cultivation of ornamental flowering plants (e.g. Anthurium sp.).
In the coffee plantations, the farmers maintain trees from the original forest to use as natural shade for the coffee plants which is a common practice in Mexico (Moguel and Toledo, 1999) . The corn plantations are a monoculture which undergo a rotation management that includes clearing the parcels, burning of the dried debris, planting of corn, harvesting and abandonment of the parcel, followed by the colonization by different shrubs and ferns as Pteridium aquilinum. This complete cycle is repeated twice yearly. In the adjacent forest remnants there are some characteristic elements of the TMCF such as the trees Alfaroa costaricensis (Lauraceae) which occurs on the foothills forming forests that are gradually replaced upward with oaks (Quercus). Study design and variables measured. The study was conducted in a 700 ha of TMCF fragment in which we selected 8 ecotones comprising 3 habitats (anthropogenic plantation-forest edge-forest interior) located north of El Molote. Four ecotones were adjacent to a coffee plantation and another 4 adjacent to a corn plantation. The ecotones were previously selected using digital aerial photographs and then verified in the field. We chose the matrix-forest ecotones under the following 3 criteria: 1) forest edge that had not been extensively managed or disturbed during the last 15 years, 2) forest edge associated with a coffee or corn plantation, 3) each ecotone with at least stream within or close by to standardize the relationship of this variable for the amphibian species with aquatic reproduction. Each ecotone was divided into 3 habitat types: plantation (corn or shaded coffee), forest edge (delimited within the first 20 m of forest), and forest interior (beyond the first 50 m of forest from the edge to 150 m; sensu Williams-Linera et al., 1998; Urbina-Cardona et al., 2006) . At each of these habitats we placed 3 permanent transects of 50 m in length chosen randomly and separated by predefined distances from the forest edge (Fig. 2) . The study included 9 transects in each of the 8 ecotones for a total of 72 permanent transects.
Data were collected during 4 seasons covering 2 periods in the dry season (May 2007 and February 2008) and 2 periods during the rainy season (September 2007 and August 2008) . For standardization purposes each transect was surveyed by 2 persons at night, searching during 20 minutes for amphibians from all possible microhabitats within 1 m along each side of the transect and up to 2 m in height for a total effort of 192 man/hours. For each organism 6 microhabitat variables were measured following Urbina-Cardona et al. (2006) : temperature, relative humidity, leaf litter depth, height from forest floor, herbaceous cover and leaf litter cover. The temperature and humidity were obtained with a remote sensor Thermo hygrometer. Leaf litter depth and height from forest floor was directly measured by using a scaled ruler. The herbaceous and leaf litter coverage were estimated with a plastic 4 X 4 nylon divided quadrant. Other 6 variables depicting the site were measured at each transect: distance to the edge, altitude, distance to the town, distance to streams, canopy cover and slope. All distances were calculated with the use of a GPS from the transects to the nearest forest edge, stream and town; altitude was directly measured with an altimeter; slope with a clinometer; and the canopy cover was estimated with a spherical densitometer by measuring 4 times (facing north, east, south and west), the number of filled quadrants with canopy vegetation reflected in a convex mirror. The following formula was used to calculate open spaces in the canopy: the total count is multiplied by 1.04 to obtain percent of overhead area not occupied by canopy. Data analyses. To compare species richness among study habitats with an equal sampling effort, we made a prediction of species richness using 3 non-parametric estimators Bootstrap, Chao1 and Chao2 in the EstimateS 8 program (Colwell, 2005) . The function of expected richness (Sobs) is the accumulation function of species along transects (n = 72) per habitat (Colwell, 2005) . To determine the diversity between habitats (Beta diversity) we used the complementarity index that represent the distinctness of species composition between habitats ranging from 0 when amphibian composition for 2 habitats are identical, and 1 when the species composition are totally different (Colwell and Coddington, 1994) . Pearson correlation coefficients were used to determine correlations among microhabitat variables and to identify non-correlated variables. All analyses were performed using the software Statistica (StatSoft, 2001) .
Results
Species diversity and composition among habitats. A total of 58 individuals of 7 amphibian species were captured after 192 man/hours of survey effort. For the entire area, the expected richness according to the predictions was 87.5% (Table 1 ). The forest edge and interior were expected to have more additional species (1 and 4, respectively), if the survey effort increases. Based on the non-parametric richness estimators the survey represented all the expected amphibian species in coffee and corn plantations (Table 1 ). This just slightly differs from our observations of the amphibian diversity in the area.
The ensemble of species in the TMCF of El Molote was dominated by the Mexican robber frog (Craugastor mexicanus) and the pygmy free-fingered frog (Craugastor pygmaeus) with 39.6 and 38% of the total captures, respectively. Along the corn plantation-forest edge-forest interior, 4 individuals were recorded on the forest edge belonging to 2 dominant species (Table 1) . Eighty-six percent of all amphibian richness was captured at forest edge and interior habitats and 28.5% at coffee and corn plantations ( Table 1 ). The highest percentage of amphibian individuals were captured at the forest edge (43%) and in the forest interior (31%), meanwhile only 22 and 4% were captured in the coffee and corn plantations, respectively. At the forest edge and in forest interior habitats, 32-33% of the individuals were adults, 32-33% were juveniles and 33-36% were froglets. At the coffee plantations, 18% of the individuals were adults, 72% were juveniles and 9% were froglets (Table 1) .
All habitats showed a low mean complementarity of 49% being (a) the coffee and corn plantations, and (b) the forest edge and forest interior (when limiting with shaded coffee plantations) showed the lowest complementarity index, which could indicate that they have a similar species composition ( Table 2 ). The surrounding coffee matrix was equally dominated by C. mexicanus and C. pygmaeus. With regard to the seasonality analysis, during the wet season the observed richness was higher (86%), as well as, the abundance of individuals (64%) than in dry season, excepting perhaps for 1 season for C. pygmaeus (Table 3) . Correlation among environmental variables. Some of the environmental variables were strongly correlated (Table 4) . A high direct positive correlation between distance to streams and slope was found. Relative humidity was negatively correlated with temperature and distance to river, and positively correlated with canopy cover (Table 4 ). The matrix-edge-interior distance gradient was positively related to relative humidity, leaf litter cover, and canopy cover; and negatively related with slope and distance to streams (Table 4 ). Altitude did not correlate significantly with the matrix-edge-interior distance gradient (Table 4) , demonstrating that the effect of this variable was adequately controlled by the sampling design in this study.
Discussion
The data obtained from our study seem to indicate that species diversity and abundance of amphibians in El Molote are low. Recently, in another study of herpetofaunal diversity of the TMCF at El Molote and surroundings, similar results were found (Blancas Hernández, pers. comm. 2009 ). According to that data and the predictions used in the study, the estimated species richness is not considerably different from our results (see Tables 1 and 2) . Outside of the surveyed transects we found the Pine toad (Incilius occidentalis), although close to the study sites, but closer to the human settlement suggests a tolerance by this species to disturbed areas. In general, the study area supports a natural low abundance and as well as a low diversity of amphibian species when compared to other TMCF adjacent to coffee plantations, such as the ones located at the Atlantic versant of Mexico (see Pineda and Halffter, 2004; Pineda et al., 2005; Gonzalez-Romero and Murrieta-Galindo, 2008) . In this study 2 leaf litter species (C. mexicanus and C. pygmaeus) were the most abundant in the area, but the population structure and viability of the other 2 salamanders and 3 frogs studied here should be carefully treated due to their high degree of rarity, endemism and vulnerability to habitat fragmentation. Urbina-Cardona and Loyola (2008) determined that C. mexicanus and C. pygmaeus require additional protection since the present distribution of these species includes only the periphery of the Federal Protected Areas (PA), even with the support of the Social Initiatives in Conservation (SIC) the area is not large enough to guarantee their survivorship (Ochoa-Ochoa, et al., 2009) . The SIC's are fragments of land, private or communal dedicated to protect biodiversity. Plectrohyla pentheter is protected in 6.4% of its remnant distribution in PA's and 18.7% by SIC's, while Ptychohyla leonhardschultzei is protected 5.3% by PA's and by 17.7% by SIC's. Pineda and Halffter, (2004) observed that the capacity of anthropogenic habitats to support frog fauna varied notably between the shaded coffee plantations and . In this study we conclud that the interior of TMCF, when limited by coffee plantations supports a higher amphibian diversity than the remaining habitats. Furthermore, it can be noted that the forest edge is a preferred habitat for the amphibians, as has been found in other fragmented tropical landscapes. The amphibians can move along the ecotone for reproduction or just movement (Gascon et al., 1999) . Although capture rates were low, it can be noted that the composition and abundance is clearly different between coffee and corn plantations, the results of this study show a clear trend to define the context of coffee plantations as an important habitat to attenuate the edge effects for amphibian species in the TMCF by increasing the quality of the forest interior. On the contrary, the corn plantations negatively affect amphibian's habitat quality in the remaining forest due to higher disturbance intensity and frequency and different vegetation structure, this can be confirmed from the absence of individuals along the ecotone.
The majority of species recorded in this study were captured during the wet season, the activity of amphibians decreased during the dry season which extends for no more than 3 months and its effects were stronger along corn-forest edge-forest interior gradients. Some species, like the endangered endemic species, P. pentheter, and the 2 salamanders (Pseudoeurycea sp1. and sp.2) were only recorded at the edge and forest interior during the wet season and exclusively when the forest were associated with shaded coffee plantations. Considering that the forest interior provides higher relative humidity, leaf litter cover, and canopy cover and that the presence of some amphibian species is determined by those variables, it is expected that edge effects over amphibians in the TMCF could be amplified during drought-related climatic extremes as demonstrated by this study along corn-forest edgeforest interior gradients. In other additional surveys it was observed that during the dry season many amphibian individuals congregate at the permanent streams located at the edges of the forest.
The TMCF of El Molote is immersed in one of the priority regions for conservation in Mexico (Arriaga et al., 2000; Urbina-Cardona and Flores-Villela, 2010) . In this last decade, the authorities and population from El Molote decided to assign part of the land for forest protection thus creating a non Federal declared protection area, but a common land where non exploitation of resources is supposedly permitted, then acting as a SIC. Recently, it was demonstrated that these types of areas may play an important role in the protection of endemic amphibian species including several species not integrated in the Natural Protected Area System of Mexico (Ochoa-Ochoa et al., 2009 ). In addition, several coffee and other abandoned cultivation areas in the region are in the process of reforestation due to an ambitious program of the Mexican Government called PROARBOL which is dedicated to restore extensive areas previously devoted to coffee or flowering plant cultivation that had insignificant production therefore substituting these non productive activities with trees.
Based on the results of several studies, we propose to improve the use of shaded coffee plantations more so than other land use (e.g. pastures, corn plantations) in order to increase ecological connectivity, which may also allow the colonization of other biological groups and therefore the persistence of biodiversity in fragmented montane landscapes. The design of this present study can be replicated in other similar habitats to study the dynamics of the amphibian and even reptile communities occurring in disturbed habitats and this type of management may promote the preservation biological diversity. In the scope of this new scenario of human dominated landscapes any effort to preserve the biodiversity should be welcomed, especially in countries where limited economic resources are addressed for conservation projects. In these fragmented landscapes, amphibian conservation efforts should be focused at a local scale (e.g. reproduction sites) and regional scale (e.g. the establishment of additional conservation areas) to prevent the extinction-driven process. For the case of the SMSG region where habitat fragmentation is increasing, the conservation of the TMCF should focus on the management of the internal dynamics and in the case of small fragments this management should be centered on the external influences from the surrounding matrix.
